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Abstract. We present ultraviolet (UV) integrated colors of 44 Galactic globular clusters 
fH ■ (GGCs) observed with the Galaxy Evolution Explorer (GALEX) in both FUV and NUV 

Q ' bands. We find for the first time that GCs associated with the Sagittarius dwarf galaxy 

I | have (FUV - V) colors systematically redder than GGCs with the same metallicity. M31 

GCs show almost the same UV colors as GGCs, while M87 are systematically bluer. We 
speculate about the presence of an interesting trend, suggesting that the UV color of GCs 
may be correlated with the mass of the host galaxy, in the sense that more massive galaxies 
possess bluer clusters. 
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C*~) , 1 . Introduction tions of UV-bright stars have remained an open 

question (Greggio and Renzini 1990; DOR95; 
The main contributors to the UV emission Rich et al 2 005; Sohn et al. 2006). 
from any stellar- system are the hottest stars. In distant ex tragalactic systems one can ordi- 
Indeed extreme horizontal branch (HB) and narily obser ve only the integrated light of un- 
post-HB stars are well known to be among reso i V ed stellar populations, from which the 
the hottest stellar populations in globular clus- hope is to gain know i e dge about the underly- 
ters (GCs) and contribute substantially to the ing stellar p p U i ation . Galactic globular clus- 
X ! UV radiation observed from old stellar sys- ters (GGCs) play an important ro i e i n under- 
tems (Greggio and Renzini 1990; Dormanetal. standing the integrated UV colors of extra- 
1995 - hereafter DOR95). The relative contri- ga i actic systemS) especially the so called "UV- 
butions of the various types of stars and the fac- upturn » observed in the spectral energy distri- 
tors that might lead to larger or smaller popula- butions of elliptical galaxies (Code & Welch 
1979). In fact, GCs are the closest example 
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moreover they span a large range of metallic- 
ities, a small range of ages, and perhaps some 
range of helium abundance. GGCs are the ideal 
target to study the impact of hot and bright pop- 
ulations (as the AGB -manque stars) on the in- 
tegrated UV light and represent a crucial local 
template for comparison with integrated prop- 
erties of distant extragalactic systems. 
With this motivation in mind we observed 
44 GGCs with the Galaxy Evolution Explorer 
(GALEX) in FUV and NUV. This is the 
largest homogeneous sample ever collected for 
GGCs in UV so far. We obtained resolved pho- 
tometry in Schiavon et al. (2012) and inte- 
grated colors in Dalessandro et al. (2012). 



2. The UV integrated colors. 

The integrated UV magnitudes have been ob- 
tained by fitting the observed surface bright- 
ness profiles in each available band with proper 
King models (see Dalessandro et al. 2012 for 
details). In order to investigate any possible 
link between the UV colors and chemical com- 
positions of the Milky Way GCs, we adopted 
the [Fe/H] values quoted by Carretta et al. 
(2009). 

From the top panel of Fig. 1 one can see 
that, for the GCs in our sample, (NUV - V) 
decreases by about 2 magnitudes as [Fe/H] de- 
creases from ~ -0.7 to ~ -1.5. For smaller val- 
ues of [Fe/H], (NUV - V)o is roughly con- 
stant, or perhaps increases slightly as [Fe/H] 
decreases. This clear, although non-mono tonic, 
trend of (NUV - V)o with metallicity is con- 
firmed by a Spearman correlation rank test, ac- 
cording to which the probability of a correla- 
tion is 99.99% (>4<x). Interpretation of the de- 
pendence of colors involving FUV magnitudes 
as a function of [Fe/H] requires a little more 
care. (FUV - V)o varies by almost 5 magni- 
tudes. Indeed, a Spearman test gives a prob- 
ability P~99% (corresponding to ~2.3 -2.5<x) 
that (FUV - V)o is correlated with metallic- 
ity. The Kendall test gives correlation probabil- 
ity of ~2.1<x. At face value, therefore, (FUV - 
V)o correlates with [Fe/H] in a similar way as 
(NUV-V)o, although in a less strong or noisier 
fashion. 
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Fig. 1. UV integrated colors as a function of metal- 
licity in Carretta et al. (2009) scale. Clusters possi- 
bly connected with the Sagittarius stream are plotted 
as asterisks. 



In summary, then, one finds that the be- 
havior of GGCs in the (FUV - V) -[Fe/H] 
and (NUV - V)o-[Fe/H] planes is essentially 
the same. On both planes, three sub-families 
of clusters can be recognized: 1) GGCs with 
[Fe/H]>-1.0, which are predominantly red; 2) 
GGCs with -1.5< [Fe/H]<-1.0, the "second 
parameter region", where GGCs have a wide 
range of colors, about ~2 mag in (NUV - V)o 
and ~4 mag in (FUV - V) ; and 3) GGCs 
with [Fe/H]< -1.5, which are all blue. It is 
worth noticing that, intermediate-metallicity 
( [Fe/H] «- 1.5) clusters are the bluest in the 
three colors combinations. This was also high- 
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lighted by DOR95. The extension of their HBs 
(see Schiavon et al. 2012) is compatible with 
their integrated colors. On average, the metal- 
poor ([Fe/H]<-1.7) GCs have redder HBs than 
the intermediate ones. 

2.1. GCs in the Sagittarius Stream 

Careful inspection of the (FUV - NUV) or 
(FUV - V) vs [Fe/H] plots in Fig. 1 clearly 
reveals that the color spread at [Fe/H]<-1.5 
is due to a subset of clusters (plotted as as- 
terisks), which are systematically redder by 
-1.5 and 1.0 mag in (FUV - NUV) Q and 
(FUV-V)o, respectively, than the other GCs in 
the same metallicity regime. Interestingly these 
clusters (NGC 4590, NGC 5053, NGC 5466, 
Arp 2 and Terzan 8) are potentially connected 
with the Sagittarius dwarf galaxy stream (Law 
& Majewski 2010), and thus may have an 
extra-Galactic origin. The other candidate 
Sagittarius GC is the relatively metal-rich 
([Fe/H]=-0.94) Palomar 12, for which we 
were not able to get FUV magnitude. These 
clusters are coeval within the uncertainties 
(Salaris & Weiss 2002 and Dotter et al. 2010). 
We used the R ' -parameter reported by Gratton 
et al. (2010) to highlight possible differences. 
The R' -parameter is defined as the ratio be- 
tween the number of HB stars and that of 
RGBs brighter than the HB level magnitude 
Vhb + 1 ■ This quantity is an indirect estimate of 
Helium abundances (Y). It is interesting to note 
that these clusters have R ' values smaller than 
other clusters with similar metallicity [Fe/H]<- 
1.5. Given the statistical uncertainties of these 
measurements, the difference in R' between 
any two given clusters is somewhat uncer- 
tain. Therefore we performed a t-test to check 
the significance of the difference between the 
mean values of the two distributions. We find 
that for the clusters potentially connected with 
the Sagittarius stream <R'>=0.48+0.01 while 
for GGCs <R'>=0.74+0.18. The t-test gives 
a probability P> 99.9% that they are differ- 
ent. This difference might be an indication that 
those clusters have lower He abundances than 
GGCs in the same metallicity regime, and this 
is likely the main responsible of the differences 
in FUV integrated colors. 
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Fig. 2. Left panel. GALEX colors of our GGC sam- 
ple (black) compared to the GCs in M3 1 (from Kang 
et al. 2011). In the lower panel our GGC sample 
has been supplemented with clusters observed with 
ANS and OA02 by DOR95 (open squares). Right 
panel. UV colors of GGCs (black dots and aster- 
isks) compared to those of M87 (grey pentagons) as 
a function of the Mg 2 metallicity index (Sohn et al. 
2006). 



2.2. Comparison with GCs in M31 and 
M87 

We compared UV colors of old M31 GCs 
obtained with GALEX by Kang et al (2012) 
with those of GGCs (see left panel of Fig. 2). 
M31 seems to show a lack of red clusters 
with respect to the Galaxy. However, this is 
likely due to the limited sensitivity of GALEX 
to detect relatively red populations in distant 
systems. Hence for the comparison we focus 
on the bluest systems, (FUV - NUV) <1.5, 
(FUV - V) <5 and (NUV - V) <3.5, which, 



Dalessandro: UV properties of GGCs 



285 



for the GGCs, correspond to a metallicity range 
-2.5<[Fe/H] <-1.0. In this metallicity regime 
the distributions in the Milky Way and in M3 1 
are quite similar. The bluest colors reached are 
essentially the same, and the distributions show 
little variations with metallicity. The case is 
very different at higher metallicity, [Fe/H]>- 
1. In order to make the comparison with M31 
GCs as complete as possible, we have supple- 
mented our GALEX sample with 12 additional 
GGCs from DOR95 not observed by GALEX. 
In the Milky Way sample there are only red 
GGCs, while in M31 there are many blue GCs. 
In the left panel of Fig. 2 it is possible to note 
that roughly half of the blue, metal-rich M31 
GCs are indeed quite massive (My<-9). Hence, 
the relative paucity of hot, metal-rich GCs in 
the Milky Way could be due in part (but only in 
part) to the fact that there are only two massive 
metal-rich clusters in our supplemented sam- 
ple. It is also possible that many GGCs with 
high metallicity and a blue HB are missed be- 
cause of their location towards highly extin- 
guished regions of the Galaxy. 
We also compare GGCs colors with those ob- 
tained for the giant elliptical galaxy M87 using 
Hubble Space Telescope STIS images (Sohn 
et al. 2006). As appears in the right panel of 
Fig. 2, M87 GCs are on average bluer by ~1.5 
mag both in (FUV - NUV) and (FUV - V)o> 
while they do not show any appreciable differ- 
ence in (NUV - V) . 

3. Conclusions 

From the comparison between GGCs and 
those belonging to three other galaxies (the 
Sagittarius dwarf, M31 and M87), different be- 
haviors emerged. In fact the clusters associated 
with the Sagittarius dwarf are on average red- 
der than the MW ones, the M3 1 clusters have 
colors comparable to those of the GGCs, while 
the M87 star systems are bluer. We note that 
there may be a possible trend between the mass 
of the host galaxy and the color distribution 
of its globulars, in the sense that the higher is 
the galaxy mass, the bluer are the GC UV col- 
ors. We argued that most of the observed differ- 
ences between colors involving the FUV band 
are explainable invoking different Helium con- 



tents. This would lead us to speculatively think 
that galaxies with larger masses may have, 
on average, more He-rich populations. In that 
case, He abundance differences could be a by- 
product of chemical evolution differences, in 
some way connected to the mass of the host 
galaxy. This could be also connected with the 
formation and dynamical history of clusters in 
galaxies with different masses, as suggested 
by Valcarce & Catelan (2011). In particular 
they argue that clusters hosted by more mas- 
sive galaxies are more likely to undergo a more 
complex history of star formation thus having a 
larger spread in stellar populations properties. 
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